https://mc06.manuscriptcentral.com/botany-pubs Botany D r a f t 2 Abstract A morphologically distinct Lophodermium species was collected from fallen secondary needles of Pinus resinosa over two consecutive years in Eastern Ontario; subsequent herbarium studies confirmed its presence in Nova Scotia, Quebec, and Maine. Symptomatic needles frequently exhibited red bands and completely subepidermal ascomata and conidiomata. Ascospore isolates from specimens were used to reconstruct phylogenies inferred from internal transcribed spacer rDNA and partial actin gene sequences. Both phylogenetic analyses delineated the specimens from other sequenced Lophodermium species. Phylogenetic evidence combined with morphological characters of ascomata and conidiomata supported the distinctiveness of this species, described here as Lophodermium resinosum sp. nov.
Materials and methods

Sampling and isolation
Field specimens were collected from fallen Pinus resinosa secondary needles in a mature P. resinosa plantation, a part of the Larose Forest established in 1928 in Clarence-Rockland, Ontario, Canada. Ascospore isolations were made on 2% malt extract agar (MEA; 20 g Bacto malt extract, Difco Laboratories, Sparks, Maryland; 15 g agar, EMD Chemicals Inc., New Jersey; 1 L distilled water) or corn meal agar (CMA; Acumedia Manufacturers Inc., Lansing, MI). Monoascospore and polyascospore cultures were made by suspending mature ascomata from the lids of 6 cm Petri dishes using drops of sterile deionized water and allowing ascospores to eject downward onto the agar surface. Individual ascospores were transferred to 6 cm Petri dishes containing MEA using an electrolytically sharpened tungsten needle (Brady 1965) . Ascospores were verified for germination and incubated at 16 °C under 12:12 h light conditions. Dried specimens were accessioned in, and supplementary preserved specimens were obtained from, the Canadian National Mycological Herbarium (Ottawa, Canada; DAOM) . Living cultures were deposited in the Canadian Collection of Fungal Cultures (Ottawa, Canada; DAOMC).
Morphological observations
Sections of apothecia and conidiomata were cut by hand using a safety razor blade or with a freezing microtome and mounted in either water, 5% KOH, Lugol's solution with or without 5% KOH pretreatment to test amyloid reactions (Baral 1987) , or 85% lactic acid. Colony colours were described using the alphanumeric codes of Kornerup and Wanscher (1978) . Morphological descriptions and measurements were made with living material. Microscopic measurements were taken from material mounted in deionized water and are presented as ranges calculated from the mean ± standard deviation of each measured value with outliers in brackets. Observations were made using an Olympus BX50F4 D r a f t 5 light microscope (Olympus, Tokyo, Japan) and an Olympus SZX12 stereomicroscope and images were captured with an InfinityX-32 camera (Lumenera Corp., Ottawa, Canada) using Infinity Analyze v6.5.2 (Lumenera Corp.) software. Photographic plates were assembled using Adobe Photoshop v5.5 (Adobe Systems, San Jose, California). Cardinal temperatures were assessed for two strains (DAOMC 251482 and DAOMC 251485) by incubating three-point inoculated 9 cm Petri dishes containing MEA at 5 °C intervals from 5-40 °C. Each treatment was conducted in triplicate and colony diameters were measured two and four wk after inoculation. Plates showing no growth were then incubated at 20 °C to determine viability.
DNA extraction and analyses
Total genomic DNA was extracted from 12-wk-old cultures using the Ultraclean Microbial DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, California) following the manufacturer's protocol. The primers ITS4 and ITS5 (White et al. 1990 ) were used to amplify and sequence the ITS region and ACT-512F and ACT-783R were used to amplify and sequence part of the actin (ACT) gene (Carbone and Kohn 1999) . Translation elongation factor-1α (TEF1α) gene was partially amplified and sequenced using EF1-983 and EFgr (Rehner 2001 ) and partial LSU region was amplified using the primer pairs LR0R and LR8 and sequenced using LR0R, LR3R, LR5, and LR7 (Vilgalys and Hester 1990) . DNA was amplified using the methods described in Nguyen et al. (2013) . All loci were amplified using the following PCR profile: 95 °C for 3 min, then 35 cycles at 95 °C for 1 min, 56 °C for 45 s, and 72 °C for 1.5 min, followed by a final extension at 72 °C for 10 min.
For a herbarium specimen of Meloderma dezmazierii (DAOM 89807), DNA was extracted from fragments of symptomatic needles using the NucleoMag Trace kit (Macherey-Nagel, Düren, Germany) with an initial tissue grinding stage in liquid nitrogen using an Axygen polypropylene pestle (PES-15-B-SI, Union City, California), with the same PCR protocol as above including the addition of 0.5 µL of 20mg/ml bovine serum albumin (BSA; Thermo Fisher Scientific, Waltham, MA) to the PCR reaction. All PCR D r a f t 6 products were verified by agarose gel electrophoresis and sequenced with Big Dye Terminator (Applied Biosystems, Foster City, California).
Sequence contigs were assembled, trimmed, and manually checked using Geneious v8.1.5 (Biomatters, Auckland, New Zealand) and each individual gene dataset aligned by the MAFFT v7.017 algorithm within Geneious (Katoh et al. 2002) . The resulting alignments were trimmed and manually checked within Geneious.
The ITS dataset included 64 sequences and 494 positions and the ACT dataset consisted of 42 sequences and 297 positions. TEF1α was excluded from phylogenetic analysis because of a lack of representative Rhytismatales sequences available. Bayesian analyses were performed for each individual gene dataset using MrBayes v3.2 (Ronquist et al. 2012 ) and the most suitable sequence evolution models selected for each gene based on the optimal Akaike information criterion scores in MrModeltest v2.2.6 (Nylander 2004) : GTR+I+G for ITS and GTR+G for ACT. Lophodermium piceae (FR837918) was selected as outgroup for the ITS analysis because previous studies place it at the base of Rhytismatales Lantz et al. 2011) . Hymenoscyphus epiphyllus (Helotiaceae, Helotiales; FJ005192) was outgroup for the ACT analysis based on previous analyses (Koukol et al. 2015; Li et al. 2016) . For each alignment, three independent Metropolis-coupled Markov chain Monte Carlo (MCMCMC) runs were simultaneously performed with four chains (three heated and one cold) with sampling every 500 generations until the standard deviation of split frequencies reached a value <0.01.
The first 25% of trees were discarded as burn-in and the remaining trees were kept and combined into one 50% majority-rule consensus tree. Convergence was assessed from the three independent runs using Tracer v1.6 . Consensus trees were imported into FigTree v1.4.2 (Rambaut 2014 ) and exported as SVG vector graphics for assembly in Adobe Illustrator v10 (Adobe Systems). All novel sequences used in this study were accessioned in GenBank (Table 1) and taxonomic novelties and associated metadata were deposited in MycoBank (www.MycoBank.org).
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Results
The ITS and ACT phylogenies show branches with low-moderate support overall and many polytomous clades, which is expected given the sampling gaps in sequences available for Lophodermium and related genera (Figs. 1-2) . The lack of available ACT sequences for Lophodermium and other Rhytismataceae species did not allow for a combined analysis, therefore asymmetrical datasets were Ascomata mostly on adaxial and less frequently abaxial surfaces of needles, subepidermal, (500-)600-950(-1100) × 300-500(-600) µm, scattered, occasionally coalescing, elliptical, shiny, black, margin paler, opening by a longitudinal fissure with grey to black lips. Lip cells ovoid to cylindrical-clavate, hyaline to subhyaline, up to 17 µm long, arranged more or less radially, often invested in mucus, not always evident. Covering stroma dark brown, 18-25 µm thick towards edges, 20-55 µm thick towards lips, covered by host epidermis, extending to basal stroma, consisting of textura angularis to textura epidermoidea, cells 3-8 µm diam, thick-walled (ca. 1 µm thick). Basal stroma dark brown, concave, D r a f t 9 occurring within host epidermal cells, poorly developed, consisting of textura angularis to textura epidermoidea, cells 2.5-4 µm diam, thin-to thick-walled. Subhymenium 14-28 µm thick, hyaline, consisting of textura angularis and textura intricata. Paraphyses septate, filiform, unbranched, hyaline, smooth-walled, covered in 1-2 µm thick gelatinous sheath that frequently appears discontinuous and granular with maturity, 4-5.5 µm thick at base, tapering to 2.5 µm, apices rounded to irregularly subclavate, as long as mature asci, connected at base by hyphal bridges. Asci (120-)125-150(-165) × 11-14(-16) µm, cylindrical to clavate-cylindrical, apex rounded to subpapillate, more or less sessile, inamyloid, 8-spored, thin-walled, maturing sequentially. Ascospores (83.5-)104.5-125.5(-133.5) × 2-2.5(-3) µm (length: n = 54, x ത = 115 µm, SD = 10.5 µm, SE = 1.43 µm, 95% CI = 2.79; width: n = 54 µm, x ത = 2.5 µm, SD = 0.2 µm, SE = 0.03 µm, 95% CI = 0.05), filiform, ends rounded, tapered towards base, hyaline, contents sometimes appearing granular, smooth-walled, covered by a well-developed, more or less uniform, 1.5-2(-2.5) µm thick gelatinous sheath that appears denser and bulbous at both ends, sheath (3-)4-5(-5.5) µm thick at apex and (2-)2.5-4(-4.5) µm thick at base, arranged parallel or sometimes helically coiled.
Conidiomata mostly on adaxial and less frequently abaxial surfaces of needles, subepidermal, co-occurring with ascomata, scattered to crowded or coalescing, appearing as flat to raised, irregularly oval to elliptical, blister-like swellings on tissue, dull to shiny, concolorous or paler than surrounding host tissue, becoming darker with age, margin often brown or dark brown, 300-500 (-800) × (100-)150-300 µm, opening by lateral fissures. Subconidiogenous layer 7-14 µm thick, hyaline to subhyaline, consisting of textura globulosa, thin-walled cells. Conidiogenous cells (9.5-)10-16(-19) × 2-3 µm, cylindrical to broadly ampulliform, tapering towards apex, sometimes swollen at base or above midcentre, hyaline, indeterminate, discrete, extending sympodially. Conidia (3.5-)4.5-6(-8) × 1-1.5 µm (length: n = 100, x ത = 5.25 µm, SD = 0.1 µm, SE = 0.08 µm, 95% CI = 0.16; width: n = 100, x ത = 1.45 µm, SD = 0.12 µm, SE = 0.01 D r a f t 10 µm, 95% CI = 0.02), oblong, ends rounded and sometimes broadly tapered at base, straight, hyaline, smooth-walled, exuded in slimy pale to buff mass from irregular rupture in covering host epidermis. pinastri, and L. pini-excelsae by being totally subepidermal. Lophodermium resinosum is morphologically distinct from L. molitoris, the closest relative in the ITS phylogeny, most notably by its subepidermal vs. subcuticular ascomata (Minter 1980) . It differs morphologically from L. kumaunicum, the closest relative in the ACT phylogeny, by its longer ascospores (vs. 60-90 × 1-1.5 μm; Minter and Sharma 1982) and subepidermal vs. subcuticular or partly subepidermal ascomata (Fig. 3) . 
Other specimens examined (all ex
Discussion
Lophodermium resinosum forms abundant ascomata and conidiomata on fallen secondary needles of Pinus resinosa across northeastern North America. The ecology of L. resinosum is currently unknown, for example whether it exhibits a prolonged endophytic infection preceding a saprotrophic phase initiated by foliage senescence and abscission, or if it is an opportunistic pathogen.
Lophodermium resinosum is only known from fallen secondary needles; the presence of L. resinosum on attached needles from cut trees (DAOM 48675) suggests the fungus exists endophytically and sporulates following needle death.
The distinctiveness and novelty of L. resinosum was overlooked by previous workers examining Lophodermium on Pinus resinosa, probably because of the broad application of the name L. pinastri to specimens bearing superficially-similar ascomata that actually represent distinct species (Sokolski et al. 2004 ). For example, our ITS phylogeny (Fig. 1) shows the names L. pinastri and L. conigenum are applied to sequences forming phylogenetically distinct clades, probably representing species that are undescribed or named-but-unsequenced, such as L. staleyi (Reignoux et al. 2014) . In general, the historical misapplication of names to Rhytismatales specimens resulted in erroneous species concepts D r a f t 12 that are too broad and potentially conceal diagnostic or distinctive biological and ecological traits.
North American Rhytismatales biodiversity is undersampled and underestimated, especially given the frequent application of European species names to North American specimens based on superficial morphological similarities. Several studies reveal the presence of novel cryptic or overlooked species misidentified as European species in North America, such as Rhytisma americanum (Hudler et al. 1998 
),
Lophodermium macci (Sokolski et al. 2004) , and L. "piceae" (Stefani and Bérubé 2006a) , while Chinese species of Lophodermium and Tryblidiopsis have also been distinguished from their European look-alikes (Gao et al. 2013; Wang et al. 2014 ). While Oono et al. (2014) suggested that all Pinus species can potentially host most Lophodermium species, this is unlikely given the polyphyly of Lophodermium and apparent narrow host preferences observed in other Rhytismataceae species, for example Lirula macrospora, Lophodermium piceae s.s., and Tryblidiopsis pinastri restricted to Picea abies (Lantz et al. 2011 ; Tanney unpub data), Isthmiella faullii restricted to Abies balsamea (Darker 1932) , Lophophacidium dooksii restricted to Pinus strobus (Corlett and Shoemaker 1984; Laflamme et al. 2015) , and Rhytisma salicinum and Cryptomyces maximus restricted to Salix (Lantz et al. 2011 ). However, closely-related ITS sequences of Lophodermium species derived from disjunct locales and more distantly related Pinus hosts indicates that some species are not restricted to specific Pinus species or subsections Johnston et al. 2003; Oono et al. 2014) . Further sampling of Lophodermium and other Rhytismatales from endemic North American hosts is therefore encouraged to elucidate biodiversity, host ranges, and provide evidence of host-tracking coevolution and speciation.
Previous observations of Lophodermium on Pinus resinosa name Lophodermium pinastri and L.
seditiosum as causal agents of needle cast causing mortality or severe damage to Pinus resinosa and P. sylvestris in North American nurseries and plantations during the 1960-1980s (Nicholls and Skilling 1970; Ostry and Nicholls 1989) . Skilling and Nicholls (1975) 
described what they interpreted as two
Lophodermium pinastri biotypes isolated from symptomatic Pinus resinosa and P. sylvestris trees in D r a f t 13 Christmas tree plantations: one type was pathogenic, isolated primarily from 1-and 2-year-old needles and produced brown mycelia in culture, while the other type was isolated from older needles and produced white mycelia in culture. Other workers have noted differences in pathogenicity, cultural and apothecial morphology, and ecology of Lophodermium pinastri "types" on Pinus sylvestris, which in consideration of recent molecular work, provides compelling evidence for the existence of undescribed species (Darker 1932; Millar and Watson 1971; Reignoux et al. 2014; Koukol et al. 2015) . Wilson et al. (1994) identified 27 distinct genotypes of Lophodermium pinastri isolated as Pinus resinosa endophytes in Eastern Canada, but again their identities cannot be confirmed without morphological evidence or available sequences. Connecting precise taxonomic names to such records would allow valuable field observations (e.g.: pathogenicity reports) to be reinterpreted.
The epitypification of species using material from original host species and type locales is crucial to provide benchmarks for species and generic concepts within Rhytismatales, an order consisting of numerous large polyphyletic families that must be resolved (Lantz et al. 2011) . New collections and epitypification efforts should focus on taxonomically important species, such as Lophodermium arundinaceum, L. piceae, and L. pinastri, and unsequenced type species of genera such as Isthmiella abietis and Lirula nervisequa. Lophodermium is polyphyletic and the type species, L. arundinaceum, occupies a clade consisting primarily of Poaceae associates (Lantz et al. 2011) . This is an unfortunate lectotype species, because in the pursuit of monophyletic taxa, Lophodermium is likely to be eventually restricted to this clade of largely graminicolous species, resulting in the taxonomic upheaval of more frequently reported species such as important conifer associates. Additional sampling and phylogenetic study is required, especially for type species and genera unrepresented by sequence data, before making drastic taxonomic and nomenclatural changes to these genera. Rhytismatales species may be readily distinguished using the ITS barcode and other secondary barcodes. Lophodermium resinosum ITS sequences showed 99% similarity to three sequences in GenBank (DQ068338, DQ068340, and DQ068339) originating from endophyte cultures from surface sterilized Picea glauca needles sampled from separate trees within a plot in eastern Canada (Stefani and Bérubé 2006b) . Lophodermium resinosum has not been recovered in other Picea endophyte studies and Stefani and Bérubé (2006b) described the sampling site as a Picea glauca plantation surrounded by a mixture of mature Pinus resinosa and P. strobus. It is unexpected that Lophodermium resinosum would occur on both Pinus resinosa and Picea glauca and plausible that L. resinosum ascospores adhering to Picea glauca needles survived the surface sterilization process, resulting in its detection as an apparent P. glauca endophyte. However, the ability of Lophodermium resinosum to endophytically infect Picea glauca, while doubtful, cannot be ruled out.
In general, Rhytismatales sequence data are scant, especially for non-rDNA loci; therefore amassing available ACT and other gene sequences (e.g.: TEF1α) by the relatively small community focussing on Rhytismatales is imperative to provide data for phylogeny-based taxonomic treatments.
Several studies adopted ACT as a secondary phylogenetic marker for Lophodermium (e.g.: Oono et al. 2014; Reignoux et al. 2014; Koukol et al. 2015; Li et al. 2016) . Species resolution and phylogenetic reconstruction using ACT appears satisfactory; for example, Reignoux et al. (2014) 
presented three
Lophodermium pinastri clades that were congruent in both ITS and ACT phylogenies, although tree D r a f t 15 topologies differed (e.g.: L. pinastri clades were polytomous in ACT phylogeny). ACT is readily amplified in Lophodermium species and sequences are typically <300 bp, making it a potentially useful secondary barcode despite its short length. It is also appealing for sequencing Rhytismatales herbarium specimens, where DNA is often fragmented or degraded, especially if it might be possible to develop Rhytismatalesspecific ACT primers. Stielow et al. (2015) reported an 84% amplification success for ACT in a diverse sampling of Ascomycota and Basidiomycota samples, but different primer pairs were tested and no universal performing set was found.
At the time of writing, Rhytismatales species are poorly represented by TEF1α sequences in GenBank; therefore species identification and phylogenetic analysis using TEF1α is currently infeasible. Stielow et al. (2015) identified TEF1α as the most promising universal secondary barcode candidate and, given its wide usage as a phylogenetic marker, TEF1α should be considered in future Rhytismatales phylogenetic studies.
Pinus resinosa or red pine is an economically and ecologically important tree species in northeast North America and represents the only extant subsection Pinus species native to the continent. Despite its occurrence across a wide geographic range, phenotypic and genetic variation in Pinus resinosa is very low, probably resulting from a population bottleneck during the last glaciation event (Fowler and Morris 1977; Boys et al. 2005; Walter and Epperson 2005) . Ascomycota records from Pinus resinosa are relatively sparse compared to other commercial North American conifers (Farr and Rossman 2016) ; the unique evolutionary history of P. resinosa should encourage sampling from this host. For example, did its expansion from smaller refugia populations also result in a biodiversity bottleneck for symbionts, or are many Pinus resinosa symbionts shared with other co-occurring conifer hosts?
The detection of a novel Lophodermium species on an endemic North American host with a poorly characterized microbiota is expected given the recent descriptions of novel Lophodermium and D r a f t 16 other Rhytismataceae species worldwide (e.g. : Wang et al. 2014; Koukol et al. 2015; Masumoto et al. 2015; Zhang et al. 2015) . Furthering our understanding of the biodiversity and taxonomy of Rhytismatales species will reveal insight into the coevolution of these fungi and their hosts, provide reference sequences facilitating the identification of sequences from endophyte and other ecological surveys, and potentially lead to the identification of novel bioactive secondary metabolites. The detection and identification of the novel species Lophodermium resinosum from Pinus resinosa should therefore stimulate further taxonomic work on fungi associated with native plant hosts in Canada. 
